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DIGEST 


Absorption  and  emission  spectra  of  impurities  in  solids  are  calculated  quantum 
mechanically;  the  lattice-impurity  interaction  is  introduced  by  a  configuration  coordinate  model 

inNroiirlnnl  amant'or  nf  /*».-> i»m/1  n«>4  Jtfi* _ it _ _  i  • 

. -  - - - ♦0-*'“  '■  *  “*v  «uu  vrtvuvxi  JtMivo  uitat,  mu  npcvtiu  *nc  Hum  nilitui 

images  at  0°K  and  virtually  identical  well  above  0°K.  The  spacing  of  the  emission  transitions  differs 
from  that  of  the  absorption  transitions  and  the  intensities  are  equal  to  those  of  the  absorption 
spectrum  at  an  effective  temperature  that  involves  the  ratio  of  the  excited  state  vibrational  energy 
and  the  ground  state  vibrational  energy. 
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SYMMETRY  OF  ABSORPTION  AND  EMISSION  BAND  SHAPES  OF  IMPURITIES  IN  SOLIDS 


The  absorption  and  emission  spectra  of  an  impurity  in  a  solid  consist  ol  purely  electronic 
transitions  (zero  phonon  transitions,  or  those  producing  no  change  in  the  vibrational  state  ol  the 
lattice!  and  electronic  transitions  that  occur  simultaneously  with  changes  in  the  vibrational  state  of 


the  lattice  (phonon  assisted  transitions).1'3  At  very  low  temperatures,  the  emission  spectrum  ot  the 
impurity  can  be  regarded  as  the  mirror  image  of  the  absorption  spectrum.  Using  this  aspect  of  the 
spectra,  zero  phonon  transitions  have  bee  identified  fiom  among  phonon  assisted  transition:;,4  5 
The  present  article  concerns  the  extent  to  which  this  mirror  symmetry  of  the  spectra  occurs. 


The  impurity  system  is  treated  quantum  mechanically  by  a  configuration  coordinate 
model  in  which  the  ground  and  excited  states  are  harmonic  oscillators  having  different  vibrational 
frequencies.  The  minimum  of  the  excited  state  is  displaced  from  that  of  the  ground  state  by  the 
energy  E0  and  the  configuration  coordinate  qQ.  Matrix  elements  for  transitions  between  vibrational 
levels  of  the  ground  and  exc'tcd  states  have  been  derived.6  For  simplicity,  the  model  considered 
here  is  for  small  q0,  a  situation  which  appears  to  be  applicable  to  at  leasi  one  impurity  system 
observed  experimentally. *  Within  the  harmonic  approximation,  the  matrix  elements  for  transitions 
in  this  system7  have  been  combined  with  appropriate  Boltzmann  factors  to  give  the  absorption 
spectrum:7 


CO  oc 


Ptt(E,T)  =  C<  0  I  er  I  <t>'>2  2.2.  [2./R(f!)/(l  +  R)(i!)] 

i  =  0  f  =  0 


p0"  [2^/(1  +  R))l  1  >  "  e(H)0/T 


(i+0/2 


r-> 

In*'  S 


5[E  -  Eg  -  -~<R  -  l)hwj  -  (Rf  -  i)hcoj] . 


(1) 


*  Kelley,  C.  S.,  and  Williams,  F.  E.  The  Near  Infrared  Optical  Absorption  of  ZnS:  Cr.  Submitted  for  publication  in  Physical  Review 
(September  1971). 

1  Kelley,  C.  S.,  and  Williams,  F.  E.  Phys.  Rev.  B2,  3  (1970). 
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Tin1  prohah.Iily  of  absorption  at  the  energy  E  and  temperature  T  is  Pa(l!,T),  where  C  is  a  constant 
and  <0leri0>  is  the  matrix  element  of  the  electronic  dipole-  transition.  The  ratio  of  the  excited 
state  oscillator  frequency  G.q-  to  that  of  the  ground  state  co,  is  R;  f  and  i  are  the  quantum  numbers  of 
I  he  excited  and  eromal  slates  The  f'nnetirms  PPfxl  are  the  associated  I  .euendre  polynomials.  The 

*  y  - 

delta  functions  indicate  the  location  of  the  transitions,  and  the  factors  preceding  them  are  the 
transition  intensities.  The  selection  rule  fr.i  the  transitions  is  'hat  i+f  must  be  even. 


Because  the  wuvefunctions  are  real,  the  matrix  elements  for  emission  are  the  same  as 
those  for  absorption.  Using  the  Boltzmann  factor  appropriate  to  the  excited  state,  the  probability 
of  emission  is 

oo  oo 


Pf(E,T)  -  C<  0 1 er  10  >“ 


EE 

i  -  0  f  =  0 


2v/R(f!)/(l  +  R)  Ci!)  1 


+  R)) 


]l  \  y  «(f- 

'  j  =  0  ) 


S[K-H0--~(R  -  Dhwj-CRf-Otlcdjl.  (2) 


It  will  be  seen  from  equations  I  and  2  that  the  absorption  and  emission  spectra  are  quite  similar. 
The  differences  occur  in:  f  I )  the  Boltzmann  factors  and  (2)  the  spacing!!  of  the  transitions, 


The  expressions  for  Pa  and  Pe  at  T  :r-  0°K  simplify  to 


P_(K,  0°K)  =  0<  0  le1  y>2  .h/K 
a  (1+K) 


OO 


E 

m  =  0 


(2m) I  /I  -R\2m 
4m(m!)2V  I  +  K  / 


and 


5  |  R  -  h’zp  -  (2Khu|)m  I , 


Pe(E,  ()°K)  ~  C’< 0  ler  I0>2 


(l  +  R) 


OC 


8 1  E  -  Ezp  +  (  2hojj)n  | , 


where  m  =  2f.  n  =  2i,and  both  can  assume  all  positive  integer  values,  ’t  he  energy  HZp-;  liq  +-L(R  -  l)hwj 
locates  the  zero  phonon  transition. 
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The  absorption  and  emission  spectra  .1!  i  U'’K  foi  Of  m.  n  <  *<  arc  Mipn  posed  in  lijMin  I 
for  the  cose  of  R  -  1.3.  The  ordinate  is  lop ( 1'^  =  Iog|()  l’a/(‘<0lef  !<#>*■  ;md  leu- ,  f)  p'  -  u>g|,, 
P/C<  ip  ler  \<j>  >“  ‘  'he'  abscissa  is  (I-  -  1:.^)  /2hcOj.  The  ahsorpt ion  spectrum,  denoted  i  ->  i  consists  of 
those  transitions  on  the  high  energy  side  of  (and  including)  the  0  -*■  0  transition.  The  emission 
spectrum,  denoted  f  <-  i.  consists  of  those  transit  ions  on  the  low  energy  side  of  ( and  including)  the.  0  <-  0 
transition.  The  intensities  of  corresponding  absorption  and  emission  lines  are  equal,  a  consequence  of 
T-  0°K.  The  zero  phonon  transition  is  c-  .minor,  .o  both  spectra  and  occurs  til  theoverltipof  (lie  spectra. 
The  mirror  symmetry  of  (lie  ahsorplnui  ami  emission  spectra  is  marred  only  by  I  he  spacing  of  I  lie 
transitions.  The  spacing  of  (lie  absorption  transitions  is  1 .3  times  I  hat  of  the  emission  transitions,  and, 
in  general,  at  T  =  0°K,  the  ratio  of  the  spacing  of  absorption  transitions  to  t he  spacing  of  emission 
transitions  is  R, 

This  mirror, symmetry  is  altered  when  T^  0°K,  as  demonstrated  in  figures  2  and  3.  These  and 
subsequent  figures  were  obtained  through  calculation  of  equations  l  and  2  by  computer.  The  abscissas 
in  these  figures  are  Rf-i;  the  ordinates  are  either  I'a  or  i’t,.  As  indicated  by  the  figures,  the  dominant 
transitions  at:  T  -  0  are  for  i<— *T  =  i.  There  is  ro  mirror  symmetry,  and  (lie  only  difference  in  (he 
absorption  and  emission  spectra  is  that  (lie  emission  spectrum  may  be  regarded  as  1  he  absorption 
spectrum  at  an  effective  tcmperaturcT^-p  =  T/R  (refer  to  the  holt /.maim  factors  in  equations  1  and  2). 
Absorption  and  emission  spectra  at  T  -  1 10  are  shown  in  figures  4  and  5  ami  also  illustrate  ibis  point. 

The  transition  intensities  cluster  into  groups  characterized  by  I  -  ft.  2k,  where  k  =0,  1,2,.. . 
(see  figures  2  through  fi  and  especially  figures  4  and  5j.  The  intensity  of  a  paificular  transition  is  a 
balance  between  the  overlap  of  the  ground  stale  and  excited  e  wavefunetions  (i.o..  11  small  k 
produces  a  large  overlap)  and  the  Holt/.ntann  factor  (for  absorpt  ion  spectra  at  a  specific  lempeialure  T, 
a  smull  i  produces  a  large  line  intensity).  Because  the  most  intense  lines  at  T»  0°K  are  those  for  which 
i  =  f,  the  transition  intensity  is  more  highly  dependent  on  k  than  on  the  Bolt  zmann  I  actor. 

The  above  statements  regarding  the  lack  of  mirror  symmetry  are  unchanged  if  R  <  I ;  that  is, 
if  ilit  excited  state  vibrational  levels  are  more  closely  spaced  ilia  11  iliose  of  the  ground  state.  For  R  <  1 , 
the  spectra  appear  to  be  rotated  about  the  zero  phonon  transition  from  the  R  >  1  spectra,  the 
intensities  and  spacings  of  the  transitions  reflecting  the  change  in  R.  This  rotation  of  the  spectra  is  due 
to  the  factor  (Rf-i)hwj  in  the  delta  functions  of  equations  1  and  2.  For  both  R  >  I  and  R  <  1 ,  (lie 
spectra  display  clustering  by  k  values.  For  R  =  1 ,  both  the  absorption  and  emission  spectra  consist  of  a 
single  delta  function  located  at  Li  =  lig.  This  occurs  because  the  only  transitions  are  from  i  to  f  =  i. 

From  the  absorption  (or  emission)  spectrum  at  T-T)r’K ,  the  separation  in  energy  of  the  zero 
and  first  phonon  assisted  transitions,  Rluoj,  and  the  ratio  of  their  intensities,  (I  -R)2/2(l  +R)-,canbe 
used  to  determine  R  and  ojj  and  thereby  cop. 
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Figure  2.  Absorption  Spectrum  at  T  =  6  for  R  =  1.3 
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